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INTRODUCTION
Radiation treatment is an important therapeutic option for a number of malignancies [1] , but its use is frequently limited by adverse effects on normal tissues [2] . Thus, the goal of most oncology treatments is to maximize the antineoplastic effect while minimizing deleterious outcomes for the patient. WR-2721 was developed by the U.S. Army AntiRadiation Drug Development Program for its potential to protect against damage caused by ionizing radiation [3] . Today, WR-2721 is known as amifostine (Ethyol; MedImmune Oncology, Inc., Gaithersburg, MD). Initial preclinical studies demonstrated that amifostine could protect treated mice from lethal doses of radiation, and this protection did not extend to transplanted mammary tumor cells [3] .
Amifostine, a thiol that protects cells from damage by scavenging oxygen-derived free radicals, was later evaluated for a potential role in reducing the toxicities from radiation and chemotherapeutic agents, such as alkylating agents and platinum agents. In contrast to organ-specific protectants, amifostine is considered a broad-spectrum cytoprotective agent [4] . Preclinical studies demonstrated that amifostine can selectively protect almost all normal tissues from the cytotoxic effects of some chemotherapeutic agents and radiation therapy. Neoplastic tissues do not benefit from amifostine's protection [5] [6] [7] .
MECHANISM OF ACTION
Amifostine is an inactive prodrug that cannot protect until dephosphorylated to the active metabolite, WR-1065, by alkaline phosphatase in the plasma membrane [8] . The selective protection of normal tissue is the result of a greater accumulation of WR-1065 in normal tissues than in tumor cells. Tumors are relatively hypovascular, thus resulting in comparative hypoxia and a low interstitial pH. Furthermore, alkaline phosphatase expression is reduced in malignant tissues. Taken together, the combination of hypovascularity, low pH, and reduced enzyme levels results in low accumulation of active drug in tumor tissues. Thus, normal tissues may be able to maintain as much as a 100-fold greater concentration of the free thiol than tumor tissue [9] .
Once inside the cell, WR-1065 scavenges free radicals, protecting cellular membranes and DNA from damage. However, other studies have suggested that additional mechanisms may also play important roles in the action of amifostine. In vitro studies have shown that oxidation of WR-1065 to its polyamine-like disulfide metabolite (WR-33278) is followed by a rapid consumption of oxygen in culture medium, suggesting that induction of cellular anoxia may be a mechanism for radioprotection [10] . This was supported by a study by Glover et al. [11] that showed a rapid increase in the oxygen saturation of the venous blood after i.v. administration of amifostine without affecting the oxygen dissociation curves of hemoglobin, again suggesting that a decrease in oxygen consumption by normal tissues may be involved in amifostine-related radioprotection. In another study, high concentrations of WR-33278 condensed DNA, thereby limiting potential target sites for free-radical attack [12] . This activity would clearly account for a decrease in the number of double-strand breaks after radiotherapy, in turn leading to a reduction of the transient block at the G 2 phase of cell division induced by radiation [13] . The enhanced cellular proliferation that results from a reduction in damage to DNA may be an important pathway to accelerated recovery of endothelial tissues that are affected soon after radiation exposure [13] and seems to be important for the recovery of irradiated mucosa [14] . In addition, amifostine, indirectly through hypoxia, may upregulate the expression of a variety of proteins involved with DNA repair and inhibition of apoptosis, such as Bcl-2 and hypoxia-inducible factor-1␣ [15] [16] [17] .
Early phase I trials with amifostine were not able to demonstrate a maximum-tolerated dose but did establish a tolerable dose range of 740 -910 mg/m 2 for use in phase II studies [18] . Amifostine is generally well tolerated, although transient adverse events may be dose related and include hypotension, nausea, vomiting, sneezing, somnolence, a metallic taste during infusion, and occasional allergic reactions that may include rash, fever, and anaphylactic shock [18] . Although hypotension is the most clinically significant adverse event, treatment interruptions caused by a significant decline in blood pressure are rare, occurring in Ͻ5% of patients receiving amifostine. Emesis can be reduced with judicious use of an antiemetic regimen before amifostine administration. Transient hypocalcemia caused by inhibition of parathyroid hormone secretion has also been reported [19] . The incidence and severity of amifostine-related adverse events have been shown to vary based on the route of administration. A recent meta-analysis of randomized studies using amifostine reported a significantly greater risk for grade 3 or 4 hypotension when amifostine was administered as a slow i.v. infusion [6] . Studies examining the s.c. administration of amifostine have demonstrated a lower incidence of hypotension and nausea/vomiting than with i.v. administration [20 -22] . However, s.c. administration of amifostine has been reported to be associated with a higher incidence of fever and cutaneous reactions than with i.v. administration in these studies [6, 20 -22] .
Pharmacokinetic studies in patients have demonstrated that amifostine is rapidly cleared from the plasma compartment, with a half-life of Ͻ1 minute, and Ͼ90% cleared within 6 minutes [23] . However, very little amifostine, or the metabolites WR-1065 and WR-33278, is excreted in urine 1 hour after injection. These data show that once amifostine enters the plasma, it is rapidly metabolized and distributed in the tissues, whereas the excretion of the metabolic products is very slow. Timely administration of amifostine relative to radiation or chemotherapeutic treatment is necessary. One study by Buentzel et al. [24] , in which amifostine was administered Ն30 minutes before chemoradiotherapy, demonstrated no significant difference in the incidence of grade Ն2 acute or chronic xerostomia or grade Ն3 oral mucositis between patients receiving i.v. amifostine and those receiving placebo. On days when combined radiochemotherapy was administered, timing between amifostine and radiotherapy may have exceeded 60 minutes. The authors suggest that timing of the amifostine doses relative to the beginning of radiotherapy may have influenced efficacy because of inadequate exposure to amifostine. In addition, the observed rates of grade Ն2 acute xerostomia and grade Ն3 oral mucositis in the placebo group were unexpectedly low, reducing the ability of the study to show significant benefit with amifostine. In contrast, studies in which amifostine was administered within 30 minutes of radiotherapy have shown promise with regard to protection from acute and chronic xerostomia [25] [26] [27] . Taken together, it appears that administration of amifostine within 30 minutes of radiotherapy or chemoradiotherapy may provide optimal benefit for cytoprotection of normal tissues.
Of primary concern with the use of any substance or technique that is intended to spare normal tissues from treatment-related toxicities is the unintended and undesirable protection of tumor cells. Clearly, procedures that protect tumors are not clinically useful. A recent meta-analysis of the available clinical data concluded that, in addition to reducing the toxicities associated with radiation therapy, amifostine does not affect the efficacy of radiotherapy [6] . To the contrary, patients receiving amifostine with radiotherapy achieved higher rates of complete response, presumably the result of fewer treatment interruptions because of reduced acute toxicity of the treatment.
AMIFOSTINE USE IN RADIATION THERAPY

Xerostomia and Oral Mucositis
Xerostomia and mucositis are significant and potentially debilitating toxicities associated with radiation therapy. The risk for these complications depends on the area receiving radiation, the dose and schedule of therapy, whether radiation therapy is combined with chemotherapy, and other factors [28] . Although rarely life threatening, the acute and long-term consequences can be significant, causing discomfort, reduced nutrition, and a diminished quality of life. Xerostomia is the most common toxicity associated with standard fractionated radiation therapy to the head and neck. Whereas acute xerostomia from radiation is the result of an inflammatory reaction, late xerostomia, observed 1 year after radiation, is usually a permanent result of fibrosis of the salivary gland. The dry mouth of xerostomia affects the patient's ability to eat and speak. The decreased salivary output in patients with xerostomia can be responsible for an increased risk for dental caries, oral infections, and osteonecrosis.
The results of numerous randomized controlled studies suggest that amifostine may protect against radiation-and chemoradiation-induced toxicity in patients with head and neck cancer (Table 1) [6]. In one study by Buntzel et al. [29] , 28 patients received radiation therapy in conjunction with carboplatin. Amifostine was administered to 14 patients on the day of carboplatin at a fixed dose of 500 mg (equivalent to 250 -340 mg/m 2 ). Acute grade 3 or 4 mucositis was experienced by 12 of 14 patients (86%) treated with radiochemotherapy alone compared with none of the amifostine-treated patients (p Ͻ .001). Additionally, at a 12-month follow-up, 17% of patients who received amifostine experienced late grade 2 xerostomia, compared with 55% of the patients treated without amifostine (p ϭ .05). An international phase III trial of radiation therapy with and without amifostine was conducted in 315 patients with squamous cell carcinoma of the head and neck in which at least 75% of each parotid gland was present in the radiation fields [26] . The amifostine dose was 200 mg/m 2 daily, 15-30 minutes before each fraction of radiation therapy (1.8 -2.0 Gy/day, 5 days per week for 5-7 weeks, to a total dose of 50 -70 Gy). Amifostine significantly reduced acute and late xerostomia and associated symptoms. Using Radiation Therapy Oncology Group (RTOG) grading criteria, patients receiving amifostine had a lower incidence of grade 2 or higher acute xerostomia (51% versus 78%; p Ͻ .001) and a lower incidence of grade 2 or higher late xerostomia (34% versus 57%; p ϭ .002). The proportion of patients with meaningful saliva production after 1 year was significantly higher with amifostine (72% versus 49%; p ϭ .003). Despite a trend toward lower severity of mucositis with amifostine (p ϭ .14), the difference in the incidence of grade 3 or higher mucositis was not statistically significant (p ϭ .48). Importantly, at 1 year, with a median follow-up of 20 months, the locoregional tumor control rates did not differ, and disease-free and overall survival times were comparable. Two-year follow-up data from this study demonstrate the continued benefits of amifostine treatment on the incidence of grade Ն2 xerostomia (p ϭ .002 versus pa-tients who did not receive amifostine) [30] . Furthermore, no significant differences in locoregional tumor control rate, progression-free survival time, or overall survival rates were observed 2 years post-treatment between the amifostine group and the control group [30] .
In another study, 50 patients with head and neck cancer No difference between i.v. amifostine treatment and control treatment with regard to incidence of grade Ն2 xerostomia or grade Ն3 mucositis; low incidence of grade Ն2 xerostomia and grade Ն3 mucositis in control patients; no evidence of tumor protection was observed with either treatment Abbreviations: CRT, chemoradiotherapy; RT, radiotherapy. 741 Kouvaris, Kouloulias, Vlahos www.TheOncologist.com were randomized to receive radiotherapy plus carboplatin with or without amifostine [25] . Treatment interruptions were more frequent in the control group. Consequently, patients receiving amifostine experienced significantly shorter treatment durations (p ϭ .013). Patients treated with amifostine experienced less severe acute mucositis and dysphagia; all patients who did not receive amifostine in the control group experienced grade 2 mucositis by week 3. In contrast, only 9% of patients treated with amifostine experienced grade 2 mucositis (p Ͻ .001). By the fifth week, grade 4 mucositis was experienced by 52% and 4.5% of the patients in the respective groups (p Ͻ .001). Dysphagia was similarly reduced among patients given amifostine. After 3 months of follow-up, grade 2 xerostomia was reported in 27% and 74% of patients treated with and without amifostine, respectively (p Ͻ .001).
Another consideration in the treatment of head and neck cancer is the tolerance dose of the parotid glands and the potential for raising this threshold with amifostine. Eisbruch et al. [31] reported a threshold of 26 Gy, using conformal or intensity-modulated radiotherapy, as a mean dose to spare parotid gland function. With the use of amifostine, the threshold radiation dose for chronic xerostomia may be increased, allowing for greater dose coverage [32] .
Esophagitis and Pneumonitis
Damage from radiation treatment is also a major complication in the treatment of thoracic cancers, with higher rates of acute and late toxicity associated with concurrent chemoradiotherapy. Several studies have investigated the cytoprotective efficacy of amifostine against radiation-induced esophagitis and pneumonitis. Antonadou et al. [33] , in a multicenter trial of patients with advanced lung cancer, investigated whether daily pretreatment with amifostine could reduce the incidence of acute and late lung toxicity and esophagitis without affecting antitumor efficacy of radiation treatment. Patients (n ϭ 146) received radiotherapy in daily fractions of 2 Gy 5 days per week to a total of 55-60 Gy with or without daily amifostine, 340 mg/m 2 15 minutes before irradiation. There was a significantly lower incidence of grade 2 or higher pneumonitis among patients receiving amifostine (9% versus 43%; p Ͻ .001). At 6 months post-treatment, fibrosis was present in 53% of patients not receiving amifostine compared with 28% of patients receiving amifostine (p Ͻ .05). The incidence of grade 2 or higher esophagitis during the fourth week of treatment was 4% among patients receiving amifostine, compared with 42% of patients receiving radiotherapy alone (p Ͻ .001). No evidence of tumor protection by amifostine was noted: complete or partial responses were observed in 75% and 76% of patients receiving amifostine or radiotherapy alone, respectively.
Komaki et al. [34] evaluated the cytoprotective role of amifostine for esophagitis and hematologic and pulmonary toxicities in a randomized study of patients with stage II or III non-small cell lung cancer receiving concurrent chemoradiotherapy. Patients in the study group received amifostine, 500 mg i.v., twice weekly before chemoradiation, and patients in the control group received chemoradiation without amifostine. The median survival time was longer, but not significantly so, for patients receiving amifostine (26 months versus 15 months). Significantly fewer patients who received amifostine also received morphine to relieve severe esophagitis (7.4%) than patients who received chemoradiotherapy alone (31%; p ϭ .03). Amifostine treatment was also associated with a significantly lower incidence of acute pneumonitis (3.7% versus 23%; p ϭ .037). Although not statistically significant, 26% of patients receiving amifostine had a complete response, compared with 8% of patients who did not receive amifostine (p ϭ .07).
Despite a limited number of studies, a recent metaanalysis reported that amifostine treatment was observed to reduce the incidence of pneumonitis and esophagitis for patients undergoing radiotherapy for lung cancer [6] . However, results from the largest multicenter study conducted to date were unable to show a reduction in the incidence of esophagitis with amifostine treatment [35] . A phase III study conducted by the RTOG (trial 9801) treated 243 patients with favorable-prognosis inoperable stage II-IIIA/B non-small cell lung cancer with concurrent hyperfractionated radiotherapy plus paclitaxel (50 mg/m 2 ) and carboplatin (dosed to achieve area under the concentration-time curve of 2) [35] . Half of the patients also received i.v. amifostine (500 mg) before the afternoon radiation treatment. During the course of the study, esophagitis was measured via National Cancer Institute Common Toxicity Criteria maximum esophagitis grade, physician dysphagia log, and patient daily self-assessment of swallowing ability. No significant differences in esophagitis were observed for patients receiving amifostine compared with those who did not receive amifostine, with the exception of the patientreported lower rate of swallowing dysfunction observed in amifostine-treated patients (z test, p ϭ .025). The authors attributed the lack of significant reduction in esophagitis with amifostine to several factors, including the timing of amifostine administration [35] , given that preclinical studies suggest that a single morning dose of amifostine provides superior radioprotection than with a single afternoon dose [36, 37] .
Lower Gastrointestinal Mucositis
Lower gastrointestinal mucositis frequently results from pelvic irradiation. Several clinical trials have demonstrated that amifostine pretreatment before radiotherapy or chemoradiotherapy can reduce the incidence and severity of gastrointestinal toxicities that commonly occur following these treatments (Table 2 ) [20, 38 -47] . Guidelines published by the Mucositis Study Group of the Multinational Association of Supportive Care in Cancer/International Society for Oral Oncology recommend the use of amifostine (340 mg/ m 2 ) to prevent proctitis in patients receiving standard-dose radiotherapy [48] . Furthermore, these studies demonstrate that various routes of administration of amifostine (i.v., s.c., and intrarectal) are effective at reducing radiation-and chemoradiation-induced gastrointestinal toxicities in patients with pelvic malignancies. One study, conducted in 53 patients with prostate or gynecologic cancer, directly compared intrarectal amifostine administration with s.c. administration and found that intrarectal administration was more effective at reducing radiotherapy-induced rectal toxicities, whereas s.c. administration was more effective at reducing radiotherapy-induced urinary toxicities (Table 2 ) [43] . These results suggest that optimal cytoprotection may be achieved by combining routes of amifostine administration during treatment.
Dermatitis
Protection by amifostine against radiation-induced dermatitis was assessed in a retrospective analysis in which 100 patients with pelvic tumors treated with radiotherapy and amifostine were compared with 120 historical controls who did not receive amifostine [49] . There was a 77% lower risk for radiation-induced dermatitis with amifostine use. The severity of dermatitis was also significantly lower among patients receiving amifostine compared with historical controls: the mean gross dermatitis scores were 0.18 Ϯ 0.09 versus 1.0 Ϯ 0.11 (p Ͻ .001). In another study of 40 patients receiving radiation treatment for pelvic tumors, grade 2 or 3 dermatitis of the perineal/vulvar area was observed in all patients with gynecologic and rectal cancer who did not receive amifostine (500 mg s.c.) [20] . Among patients who received amifostine, only grade 1 dermatitis was noted.
ROUTES OF ADMINISTRATION i.v. Amifostine
The American Society of Clinical Oncology guidelines for cytoprotective agents recommend amifostine at a dose of 200 mg/m 2 daily, given as a slow i.v. push over 3 minutes, 15-30 minutes before each fraction of radiation therapy [4].
Adverse events are reduced at this lower dose. Nonetheless, administration of amifostine requires close patient monitoring. Many patients require antiemetics. Hypotension associated with amifostine at this dose is less frequent but still requires close monitoring. Blood pressure should be measured before and immediately after the 3-minute amifostine infusion.
s.c. Amifostine
The s.c. administration of amifostine has been proposed to reduce treatment-related and dose-limiting adverse events [20] . In a pharmacokinetic study, the plasma concentration of WR-1605 after s.c. injection of 500 mg of amifostine was 67% of that after a 200 mg/m 2 i.v. dose [50] . Lower plasma levels of amifostine after s.c. injection do not necessarily translate to lower tissue concentrations. Because the amount of amifostine that is absorbed and converted to the active metabolites is not dependent on plasma pharmacokinetics, i.v. or s.c. administration may not have a significant impact on whether therapeutic levels are achieved in the tissues. Precise determination of the protective efficacy of different routes of administration will require more comprehensive studies that measure intracellular levels of the metabolites or assess radiation-induced DNA doublestrand breaks in tissues after i.v. or s.c. administration of amifostine. Nonetheless, the efficacy of s.c. amifostine administration is best addressed in the context of a clinical trial.
A phase II randomized trial with 140 patients assessed the feasibility, tolerance, and activity of the s.c. route [20] . A dose of amifostine of 500 mg s.c. was administered 20 minutes before each fraction of radiotherapy. The s.c. administration of amifostine was well tolerated by 85% of patients. In approximately 15% of patients, amifostine therapy was interrupted because of cumulative asthenia or a fever/rash reaction. Mild nausea was frequent (29%), and the incidence of hypotension was negligible (3%). Significantly less pharyngeal, esophageal, and rectal mucositis was observed among patients receiving amifostine (p Ͻ .04). Treatment delays because of grade 3 mucositis were significantly longer in patients treated with radiotherapy alone (p Ͻ .04).
Endorectal
Initial attempts with rectal administration of amifostine admixed in a foam did not demonstrate protection in patients receiving large pelvic fields of radiation [51] . However, after successful topical application of amifostine in the rectum of male rats [52] , subsequent significant clinical benefit of endorectal administration of amifostine was demonstrated in a phase I study [40] . Broad-Spectrum Radioprotection by Amifostine A randomized trial of 67 patients undergoing radiotherapy for prostate cancer further assessed intrarectal administration of amifostine [42] . Patients were treated with or without amifostine at a dose of 1,500 mg intrarectally 20 -30 minutes before each radiotherapy session. All patients receiving amifostine completed therapy without amifostine-related toxicities, suggesting that intrarectal amifostine was feasible and well tolerated. According to RTOG grading criteria, amifostine was superior to no treatment, with a significantly lower incidence of rectal mucositis (15% versus 44%; p Ͻ .04). The mean rectal mucositis index of patients who received amifostine was 0.3 Ϯ 0.1 compared with 2.2 Ϯ 0.4 in patients without cytoprotection (p Ͻ .001). The severity of rectal mucositis was significantly lower in patients who received amifostine (p Ͻ .001). Urinary toxicity was comparable between the two groups (p ϭ .76). A more recent study suggests that the efficacy of intrarectal amifostine may be dose dependent. Although not statistically significant, the incidence of acute grade 2 rectal mucositis was lower in patients receiving a 2-g suspension of amifostine (n ϭ 12) than in those receiving 1 g (n ϭ 18; p ϭ .06) [47] . No breaks in treatment for radiationinduced toxicities were required in that study. A combination of intrarectal and s.c. amifostine administration might be optimal for cytoprotection with pelvic irradiation.
Summary
Normal tissues vary in the extent that they are protected from radiation damage by amifostine. Because amifostine does not cross the blood-brain barrier, the central nervous system, often the dose-limiting organ in radiotherapy, is not protected [53, 54] . Protection factors for other tissues range from three in the hematopoietic system and salivary glands to approximately one in the lung, kidney, and bladder [55] [56] [57] . Within the same tissues, a range of protection factors has been reported [55, 58] . Discrepancies in WR-1065 concentrations in tissues within 15-30 minutes of administration [59] and the normal interval between administration of amifostine and radiotherapy may explain these differences. Nonhomogenous distribution of amifostine and its metabolites within a tissue, even at the level of the DNA [12] , may also contribute to this heterogeneity.
The U.S. Food and Drug Administration has approved the i.v. use of amifostine to reduce the cumulative renal toxicity associated with repeated administration of cisplatin in patients with advanced ovarian cancer and to reduce the incidence of moderate to severe xerostomia in patients undergoing postoperative radiation treatment for head and neck cancer, where the radiation port includes a substantial portion of the parotid glands. Amifostine has been proven to be a useful addition to the arsenal of the radiation oncologist, helping improve patients' quality of life and in some cases allowing more aggressive radio-and chemotherapeutic regimens. Currently, we are administering s.c. amifostine as standard practice for patients with head and neck cancer as well as for patients with recurrent ovarian carcinoma. Refinements in doses and administration of amifostine lead to constant improvement in the adverse event profile, resulting in fewer interruptions in treatment and ultimately improving patient outcomes. It is our expectation that future studies will confirm the cytoprotective efficacy of amifos- Incidence of grade 2 acute rectal toxicity at 5 wks post-treatment was 33% in patients receiving 1 g amifostine versus 9% in patients receiving 2 g amifostine; at 7 wks posttreatment, dose-dependent trend toward less acute rectal toxicity was still observed (33% in 1-g group versus 0% in 2-g group; p ϭ .06) tine in various settings and verify the lack of tumor protection in routine radiotherapy practice.
